Photoreception in echinoderms has been studied for several years with a focus on the dermal photoreceptors of echinoids. Even though spatial vision has been proposed for this dermal photosystem, by far the most advanced system is found in a number of asteroids where an unpaired tube foot at the tip of each arm carries a proper eye, also known as the optical cushion. The eyes resemble compound eyes, except for the lack of true optics, and they typically have between 50 and 250 ommatidia each. These eyes have been known for two centuries but no visually guided behaviors were known in starfish until recently when it was shown that both Linckia laevigata and Acanthaster planci navigate their coral reef habitat using vision. Here we investigate the visual system of A. planci and find that they have active control of their visual field. The distalmost tube foot holding the eye is situated on a movable knob, which bends to adjust the vertical angle of the visual field. On the leading arms the visual field is directed 33°above the horizon, whereas the eyes on the trailing arms are directed 44°above horizontal on average. When the animal traverses an obstacle the knob bends and counteracts most of the arm bending. Further, we examined a previously described behavior, rhythmic arm elevation, and suggest that it allows the animal to scan the surroundings while preventing photoreceptor adaptation and optimizing image contrast.
Introduction
Light perception has been demonstrated for a number of different echinoderms (Blevins & Johnsen, 2004; Moore & Cobb, 1985; Yoshida & Ohtsuki, 1968) and spans from dermal photoreception to putatively image forming eyes. Dermal photoreception has been found in all the five echinoderm classes while ocelli and eyes are only known from a single species of holothurian and several asteroids (Eakin & Brandenburger, 1979; Garm & Nilsson, 2014; Pen & Alexander, 1980; Pfeffer, 1901; Yamamoto & Yoshida, 1978; Yoshida, 1966) . Despite the lack of ocelli it has been shown through behavioural experiments with two species of sea urchins that they have directional photoreception, possibly including spatial resolution, allowing them to seek out dark structures (Blevins & Johnsen, 2004; Yerramilli & Johnsen, 2010) . Molecular work suggests that the directionality is achieved using dermal photoreceptors and directional shading by skeletal elements (Ullrich-Lüter, Dupont, Arboleda, Hausen, & Arnone, 2011) . Brittle stars also seem to possess a unique photosystem which might allow them to form images without traditional eyes. Here parts of the skeleton, some specialized ossicles on the aboral surface, are believed to act as microlenses together forming a compound eye (Aizenberg, Tkachenko, Weiner, Addadi, & Hendler, 2001) .
The structurally most advanced visual system within echinoderms is found in starfish, which are known to possess an eye at the tip of each arm resembling a compound eye except for the lack of true optics (Smith, 1937) . The morphology of these eyes has only been examined in a few species (Garm & Nilsson, 2014; Jourdain, 1865; Penn & Alexander, 1980; Smith, 1937) but the results indicate a similar eye design between species. The starfish eyes typically hold between 50 and 250 ommatidia each being approximately 80 lm deep and 40 lm wide. Each ommatidium has up to 150 pigment cells with bright red screening pigment intermingled with approximately the same number of photoreceptor cells. The outer segments of the photoreceptors are made from microvilli originating both from a modified cilium and directly from the cell membrane and they are thus structurally a combination of ciliary and rhabdomeric photoreceptors. The ommatidia are covered by a thin layer of epithelium and there is no apparent lenses present (Garm & Nilsson, 2014) . Despite the lack of optics, the even distribution of the ommatidia on the convex surface indicates that each ommatidium monitors a separate part of the surroundings and that the eye is image forming, though with low spatial resolution. This is supported by earlier studies on visually guided behavior, showing that Linckia laevigata (Garm & Nilsson, 2014 were recently obtained in a follow up study on the crown-ofthorns starfish, A. planci, which also depends on vision in order to locate the coral reefs for foraging (Petie, Hall, Hyldahl, and Garm, 2016) . With more than 250 ommatidia in each eye of adult specimens, it is indicated that A. planci probably is among the starfish with the highest spatial resolution, although still poor. As for other starfish the eye of A. planci is situated at the base of the distalmost tube foot but interestingly the eye is situated on a small movable knob constituting the very tip of the arm (Petie et al., 2016) . This movable knob putatively results in more adjustment possibilities compared to other species like L. laevigata where the knob is missing (Garm & Nilsson, 2014) .
In the present study we test the hypothesis that the movable terminal knob in A. planci serves a function in vision allowing active adjustment of the visual field. We tested this by comparing the direction of the centre of gaze of the leading and trailing arms which are potentially serving different visual tasks. It was also tested by monitoring the direction of gaze while the animal was traversing an object. Lastly, a behavior is examined where the vertical part of the visual field is changed during rhythmic arm elevations of the leading arms and our results indicate that it might be used to prevent photoreceptor adaptation and enhance horizontal contrast lines.
Materials and methods

Animals
Six adult specimens of A. planci were collected on the Great Barrier Reef, off the coast of Cairns, Australia, and two juveniles on coral reefs in Indonesia and flown to Copenhagen a few days after collection. The transport took approximately 40 h. They were kept in a 5000 L tank at The Blue Planet, National Aquarium of Denmark, containing 25°C seawater with a salinity of 32 ppt. The animals varied between 10 and 29 cm in diameter and 13 and 17 in number of arms. These parameters were used for individual identification. The sex of the specimens was not determined.
Experimental procedure
The experiments were performed in a 300 L glass tank with dimensions 150 Â 50 Â 40 cm, containing water of same salinity and temperature as in the holding tank and with same lighting conditions. White plates covered each side of the tank to ensure an even and featureless visual environment under water. One of the plates was situated 0.5 m from the experimental tank in order for an observer, dressed in white, to video record the movement of the starfish. The starfish were neither attracted nor repelled by the observer. To minimize the influence of mechanical stimuli caused by water movements, there was no water flow or water heater in the tank during the experiments. The animals were tested one at a time and they were allowed 15 min of adaptation time after being moved to the experimental tank, where three different behaviors were filmed and analysed: I) Normal walking. The animal was placed in the centre of the experimental tank, and when the animal started moving close-up video recordings of leading and trailing arms were obtained using a handycam (Panasonic HC-V720). Each recording lasted for 1 min; 30 s of an eye on one of the leading arms and 30 s of an eye on one of the trailing arms. The leading arms were defined as the three centred arms pointing in the direction of movement and the trailing arms as the three centred arms pointing away from the direction of movement. This process was repeated ten times for each of the six larger experimental animals. In half the trials a 30 Â 30 cm black plate was placed in one end of the tank, which attracted the animals and resulted in directional walking. In the other half of the trials no visual object was present. Occasionally it was necessary to stimulate the animal to move by rapidly stroking the tube feet. For the analysis, one still picture where the eye was clearly visible was taken from each 30 s recording and the vertical angle of the optical axis was measured manually in CorelDraw X3. Only recordings where the entire eye could be seen and was in focus were analysed. A two-sided student t-test was used to compare angles from leading and trailing arms and when moving with or without an attractive visual target. II) Traversing an obstacle. The animal was placed in the centre of the experimental tank, and a transparent plastic tube filled with gravel and 20 mm in diameter, was placed between the animal and the attractive black plate. When the animal started moving, close-up video recordings of the eyes on the leading arms were done as the animal traversed the tube. The recordings were started when the leading arm was 1 cm from the obstacle and they were stopped when the arm regained contact with the bottom of the tank on the other side of the tube. This process was repeated ten times for the six adult animals. For the analysis, nine still pictures were grabbed to cover the entire movement, evenly spaced in time such that pic #1 was just before reaching the obstacle, pic #5 was when the eye was at the top of the obstacle, and pic #9 was when the arm contacted the bottom of the tank on the other side of the obstacle. Only series where the eye was clearly visible, and in focus, throughout the movement were analysed leading to an n of 11. The time to traverse the obstacle was noted and the vertical angle of the optical axis was measured manually in CorelDraw X3. III) Rhythmic arm elevation. The animal was placed at a random location in the experimental tank, which had no visual cues attracting the animal. Each recording started when the animal conducted rhythmic arm elevations with the leading arms, and stopped when the animal shifted direction in movement. The experiment was repeated ten times using four large and two smaller animals. For the analysis, nine still pictures were grabbed to cover the entire movement, evenly spaced in time such that pic #1 was just before the arm started moving up, pic #5 was when the arm was at the top of the movement, and pic #9 was when the arm was completely lowered again. Only series where the eye was clearly visible throughout the movement were analysed. The time to raise and lower the arm was noted and the vertical angle of the optical axis was measured manually in CorelDraw X3. Further, the movement speed of the stretched out sensory tube feet was measured in five cases where they moved perpendicular to the camera.
Results
In order to reveal the dynamics of the eye orientation and the possible role of the eye-knob (Fig. 1B) in A. planci we examined three types of behaviors.
Normal walking
During normal walking the arms of the animal were held differently depending on their position relative to the direction of movement (Fig. 1) . The tips of the leading arms were bending upwards approximately 90°and as a result they were lifted 1-2 cm above the substrate with the distalmost $20 tube feet outstretched and lifted off the substrate (Fig. 1C) . The trailing arms, on the other hand, were lying flat against the substrate and only the distalmost $5 tube feet were lifted and they were only partly outstretched (Fig. 1D) . As earlier mentioned the eye of A. planci is situated on a small knob (Fig. 1B) , which can bend independently of the rest of the arm (compare Fig. 2A and B) .
When comparing the angle of the vertical part of the optical axis in the eyes of the leading with the trailing arms we found that the leading eyes were held at a significantly lower angle than the trailing eyes, 33°± 2 (mean ± SEM, n = 82) vs. 44°± 4 (n = 46) (two tailed t-test, p < 0.001, Fig. 2 and 3A) . For the leading eyes it was tested if the orientation of the eyes depended on whether the animal was walking towards a visual target, in the shape of a black plate, or walking in a visually homogeneous environment. The angles were here 34°± 2 (n = 58) vs. 30°± 3 (n = 24) respectively (Fig. 3B) and the difference was not significant (two tailed t-test, p = 0.29). Since the same individual is represented by several data point, we tested for differences between individuals. There was no significant difference between the six tested animals for the angles of the eyes on the leading arms (one-way ANOVA, F 5,76 = 1.75, p = 0.13). For the eyes on the trailing arms one individual had significant lower angles than four of the other starfish (one-way ANOVA, F 5,40 = 11.5, p < 0.001, followed by Tukey-Kramer post hoc test, p < 0.0002).
Traversing an obstacle
In order to examine whether the animals could compensate for the arm bending when traversing an obstacle we monitored the gaze direction of the eye relative to the arm bending in the leading arm of A. planci (Fig. 4A) . The time to traverse the obstacle varied between 8 and 14 s, and therefore we normalized the data from the relative position in the movement. It is seen that the vertical part of the optical axis changed during the traversing following a close to sinusoidal curve with an average peak to peak change of 22°± 3 (mean ± SEM, n = 11, individual averages spanned between 16°and 39°, Fig. 4B) . Interestingly, the movement of the tip of the arm also described a close to sinusoidal curve but with much larger average angular changes of 54°± 5 peak to peak (n = 11, individual averages spanned between 44°and 75°, Fig. 4C ). This means that the knob bends to counteract for more than half the bending of the arm (Fig. 4C ).
Rhythmic arm elevation
At times when the animal was moving along the bottom of the tank, it performed a behavior where the leading arms would move up and down at a seemingly constant pace. These rhythmic arm elevations had an amplitude of 2.7 mm ± 1.1 (mean ± SD, n = 13) and a duration of 4.5 s ± 1.9 (n = 13) and would typically be repeated several times (Fig. 5A, B) . This lead to an average arm movement speed of about 1.2 mm/s whereas the maximum speed of movement of the distalmost, putatively sensory tube feet, was 19 mm/s ± 8 (n = 5). We obtained 13 close-up video recordings of eyes from six animals during these arm elevations and measured the change in the vertical part of the visual angle. The absolute angular change (not taking into account whether it increased or decreased) had an amplitude of 6°± 5 (n = 13), see Fig. 5C . In 11 of the 13 recordings the angle of the optical axis increased during the elevation but stayed at the higher angle when the arm was lowered again (Fig. 5C ). In the last two trials the angle of the optical axis decreased but with a similar magnitude as when increasing.
Discussion
The function of the compound eyes of starfish has been an enigma, until recently when it was shown that, in the starfish Linckia laevigata and Acanthaster planci, the eyes are used at short distances to locate and navigate towards large landmarks, specifically the coral reefs that both these species inhabit (Moran, 1986; Mueller, Bos, Graf, & Gumanao, 2011) . Earlier, starfish were thought to rely mostly on olfaction to obtain information about their surroundings (Dale, 1999; Scheibling, 1980 Scheibling, , 1981 , but our findings imply that the animals have a much more sophisticated visual system than previously believed. We demonstrate that starfish are capable of actively controlling the vertical part of the visual field depending on the behavior the arm is engaged in.
Multiple visual tasks
All arms facilitated in locomotion of the starfish, but they were held in different positions depending on their orientation. The leading arms were elevated and their sensory tube feet stretched out and exposed, indicating that the leading arms are active in navigation. Further, the tip of the leading arms bent upwards approximately 90°. As a result the eyes were situated above the rest of the arm and 1-2 cm above the substrate in adult specimens. This means that small objects on the sea floor will not block the field of view. The optical axis on the leading arms was on average 33°a bove the horizon and with a vertical visual field of 30° (Petie et al., 2016) , this means that these eyes monitor the world just above the horizon, which will allow for detection of coral boulders as they rise from the sea floor. In contrast, the visual fields of the eyes on the trailing arms are directed significantly higher up, 44°a bove the horizon, and this despite the trailing arms are lying flat against the substrate. This difference between leading and trailing eyes clearly demonstrates that the animal actively controls the direction of gaze by bending the knob holding the distalmost tube foot with the eye. Interestingly it had no influence on the angle of the leading eye if the animal was walking towards a visual target or not and this goes to show that the determining factor is not what the eye see but whether it is a leading or trailing eye. This makes good sense, since the coral reef they are looking for with the leading eyes will be appearing in this part of the surroundings. Admittedly, there is no direct proof that the active control of the knob is for the purpose of adjusting vision. Still, it is undisputable that it will have an effect on the visual input, and only in the case where the animal would ignore the input from the eye would the direction of gaze be indifferent. An alternative hypothesis to why the animal would bend the knob on the trailing arms would be to continue using the distalmost tube feet as putative long distance chemosensors despite a flattened arm. But as seen on the images these tube feet are almost completely contracted on the trailing arms (compare Fig. 1C and D) and thus little exposed to the odours in the water flowing by, which implies reduced chemosensory function. Thus, the difference in gaze, along with the trailing eyes pointing in the opposite direction of movement, strongly indicates that the trailing eyes serve another visually guided behavior than navigation. Adding to this complexity of eye movement is the fact that the eyes move independently of each other and that the same eye could change function depending on whether leading or trailing.
We hypothesize that predator detection could be the visual task of the trailing eyes. A few animals are known to attack and eat at least parts of A. planci and among them are the triton snail, Charonia tritonis (Chesher, 1969; Pearson & Endean, 1969 ) the Maori wrasse, Cheilinus undulates (Randall, Head, & Sanders, 1978; Walker, 1978) , and the vagabond butterfly fish, Chaetodon vagabondus (personal observations). Visual detection of these predators might allow for the initiation of defensive behaviors like retracting exposed tube feet or curling up in a ball, which protects the softer parts of the starfish. If right, then the more vertical directed gaze of the eyes on the trailing arms indicates that fish are the more significant threat since they will likely be attacking from above whereas the snail will attack directly from the side. On the other hand the low temporal resolution of vision in A. planci (Petie et al., 2016) indicates that they are watching out for the slower moving triton snails.
Active gaze control
In addition to differential gaze control in leading and trailing arms, we have also found two other behaviors which suggest active control of the optical axis of the eye. In the first behavior we found that the animal compensated for movements of the arms and minimized the change in gaze direction of the eye when traversing obstacles. In the other behavior the starfish raised the distal parts of the leading arms, and thus their eyes, up and down in a rhythmic fashion. Again, unless the animal ignores the visual input in the two situations, the changes in gaze direction will have an impact on the collected visual information. An alternative explanation for the arm elevation could be to optimize olfactory input by decreasing the boundary layer -an analogue to sniffing. But as we demonstrate, the movement caused by the arm elevation is much slower than the movement of the tube feet themselves making it highly unlikely that arm elevation serves an olfactory function. The behavior has previously been observed in three other species of starfish; Crossaster papposus, Solaster dawsoni and Meyenaster gelatinosus (Dayton, Rosenthal, Mahen, & Antezana, 1977; Mauzey, Birkeland, & Dayton, 2016; Sloan, 1980) . To our knowledge no data is available for two of the species but at least C. papposus has eyes (pers. observation). Accordingly arm elevation was not discussed in a vision context but was suggested to allow them to better grab hold of their prey (Mauzey et al., 2016) .
Under the assumption that the starfish do not ignore the visual input then stabilizing the gaze direction of the eye is likely to be a mechanism for minimizing the amount of motion blur, also referred to as fixational eye movements (Land & Nilsson, 2012 ). An estimate of the maximum detectable angular motion across the eye can be made from the spatial and temporal resolution. The interommatidial angle of the eye, which is a measure for the spatial resolution, was found to be roughly 8°and the temporal resolution, measured as the flicker fusion frequency, was approximately 0.6 Hz (Petie et al., 2016) . This implies that objects need to be seen by the same photoreceptor for at least half a period, or 0.85 s, before they are perceived without motion blur. Thus, objects can move across the eye with an angular speed of 8°/0.85 s = 9.4°/sec or less and be detected. In comparison, some day active bees, with relatively fast vision, have been shown to process images that move across the field of view at 100°/sec and more (Zeil, 1993) , more than 10 times faster than the starfish! Clearly, the crown-of-thorns starfish needs to keep the gaze direction of its eyes still for a long time not to lose visual information due to motion blur. If motion blur should occur in one eye it could be compensated by other eyes, since the individual arms of a starfish are traversing an obstacle at different times. This is possibly one of the advantages of a multi-eye system. When taken into account that A. planci is commonly found on coral reefs, a very rough and patchy habitat (Birkeland, 1982; Moran, 1988) , it is not surprising that the eye of A. planci is able to compensate for most of the movements of the arm in order to stay visually orientated when crawling over an obstacle. Our results show that the knob bending does not completely compensate for the arm bending but it lowers the angular change to less than 5°/s, which is well below the motion blur limit. Strategies for stabilizing the gaze, and thus minimizing motion blur, have been found throughout the animal kingdom: e.g. in goldfish (Easter, Johns, & Heckenlively, 1974) , rock crabs (Paul, Nalbach, & Varjú, 1990) and man (Land, Mennie, & Rusted, 1999) .
The movement pattern of the second behavior, the rhythmic arm elevation behavior seems to match a scanning behavior. Typically, movements of eyes function either to enlarge the visual field or to refresh the image on the retina. Like all sensory cells, photoreceptors are subject to adaptation (Fain, Matthews, Cornwall, & Koutalos, 2001) . As a consequence of this adaptation, eyes will respond initially when an image is presented, however if the image is kept perfectly still relative to the eye, the photoreceptors will adapt and the image will fade (Riggs, Ratliff, Cornsweet, & Cornsweet, 1953) . Therefore, strategies have evolved to shift the image and refresh the input to the photoreceptors (Kowler, 2011) , but such a shift is not unproblematic as it has the potential to create motion blur as just discussed. The shift will induce maximum contrast enhancement with minimal motion blur when it has an amplitude comparable to the spatial resolution and a duration comparable to the temporal resolution. In other words, when the image is moved to the neighboring receptors within one photoreceptor integration time. Our data shows that the angular shift during the initial phase of the arm elevation ($6°) is close to the interommatidial angle ($8°) and the duration ($2.3 s) is in the order of the highest temporal resolution ($0.6 Hz). The arm elevation behavior is likely, therefore, to be used to refresh the image in the eye. Why the angular changes only happens at a sufficient speed in the arm raising phase and not when lowering the arm is unknown. Interestingly, the shift happens in the vertical plane only, which means that it is optimized for detection of horizontal contrast lines -like the transition between the ocean background and the upper edge of a coral reef. If the starfish should use the arm elevation behavior to enlarge the visual field a much larger shift in the field of view than 6°would be expected.
Visual tasks and eye evolution
It has been suggested that eye evolution has happened in functional steps going from non-directional photoreception to proper eyes with high spatial resolution and that each step allow the inclusion of more and more advanced visually guided behaviors (Nilsson, 2009 ). According to the theory the first proper eyes had low spatial resolution and only supported a few simple visually guided behaviors, and also only required a simple nervous system. One of these visual tasks to evolve first was probably habitat recognition, which in many cases requires little spatial and temporal resolution and therefore minimal visual processing (Nilsson, 2009) . This is precisely what has been found for starfish vision. The earlier studied starfish L. laevigata and now the A. planci, both have low resolution spatial vision, which is good enough to allow them to navigate towards larger coral boulders which are their habitat. Outside echinoderms similar results are found for cubomedusae, which use low resolution vision in order to navigate their habitat -the mangrove environment (Buskey, 2003; Garm, Oskarsson, & Nilsson, 2011) .
